Phase and antigenic variation are mechanisms used by microbial pathogens to stochastically change their cell surface composition. A related property, referred to as phenotypic switching, has been described for some pathogenic fungi. This phenomenon is best studied in Candida albicans, where switch phenotypes vary in morphology, physiology, and pathogenicity in experimental models. In this study, we report an application of a custom Affymetrix GeneChip representative of the entire C. albicans genome and assay the global expression profiles of white and opaque switch phenotypes of the WO-1 strain. Of 13,025 probe sets examined, 373 ORFs demonstrated a greater than twofold difference in expression level between switch phenotypes. Among these, 221 were expressed at a level higher in opaque cells than in white cells; conversely, 152 were more highly expressed in white cells. Affected genes represent functions as diverse as metabolism, adhesion, cell surface composition, stress response, signaling, mating type, and virulence. Approximately one-third of the differences between cell types are related to metabolic pathways, opaque cells expressing a transcriptional profile consistent with oxidative metabolism and white cells expressing a fermentative one. This bias was obtained regardless of carbon source, suggesting a connection between phenotypic switching and metabolic flexibility, where metabolic specialization of switch phenotypes enhances selection in relation to the nutrients available at different anatomical sites. These results extend our understanding of strategies used in microbial phase variation and pathogenesis and further characterize the unanticipated diversity of genes expressed in phenotypic switching.
M
any pathogenic bacteria, fungi, and protozoa have evolved strategies for alternative expression of surface-related phenotypes, a facility that enables their escape from immune surveillance and adaptation to changing environments. Antigenic variation, as displayed by African trypanosomes, Neisseria spp. and Borrelia spp., is a well studied example (1) (2) (3) (4) . Variation between phenotypes can be reversible and stochastic, leading to the expression of predefined traits which, when superimposed on classical environmentally responsive sensor mechanisms, extend the phenotypic diversity of the pathogen. In bacteria, many mechanisms have been described that lead to the expression of contingency loci that regulate expression of pili, flagella, adhesins, and surface-associated lipopolysaccharides and lipoproteins (5, 6) .
Strains of Candida albicans, the most important fungal pathogen of humans, are able to spontaneously and reversibly switch phenotypes at high frequency (7) . Three different switching systems were first described by . C. albicans strain 3153A alternates between phenotypes distinguished by at least seven colony morphologies; conversion from the original smooth to other variant colony morphologies occurs at a combined frequency of 1.4 ϫ 10 Ϫ4 (11) . Another system includes strains that switch between colonies with and without dense myceliation (8) . The third system, typified by the patient isolate WO-1, alternates between white hemispherical colonies, designated white (W), and gray flat colonies, designated opaque (O). The W͞O transition occurs with switch frequencies from whiteto-opaque cells of Ϸ10 Ϫ4 -10
Ϫ2
and from opaque-to-white cells of Ϸ10
-10 Ϫ1 (9, 12) . W͞O phenotypic switching affects the shape and size of cells, their ability to form hyphae, their surface properties (e.g., adhesion, permeability), membrane composition, range of secretory products, sensitivity to neutrophils and oxidants, antigenicity, and drug susceptibility (reviewed in ref. 7, 13) . The expression of some of the genes that encode traits associated with either W or O phenotype is transcriptionally controlled. These include secreted aspartyl proteinase genes SAP1 and SAP3 (14) (15) (16) (17) (18) , a glucose-lipid-regulated protein gene WH11 (19, 20) , membrane protein gene OP4 (16) , twocomponent regulator gene CaNIK1 (21) , transcription factor gene EFG1 (22, 23) , and a transporter gene CDR3 (24) .
The role for phenotypic switching in C. albicans pathogenesis is inferred from studies of clinical isolates and in animal models. In one study, 4 of 11 direct isolates from patients with acute vaginitis displayed multiple colony morphologies upon plating which included phenotypes similar to those exhibited by the WO-1 strain; 9 of 11 isolates displayed high-frequency switching upon serial plating (8) . Colony phenotypes also switch during successive episodes of recurrent vaginitis (25) . Moreover, disease-associated isolates switch at higher rates than commensal ones (26) , and strains isolated from invasive infections show higher frequency of switching than strains from superficial infections (27) . Oral isolates from HIV-positive individuals not only display high-frequency switching before the first episode of oral thrush but also are far more resistance to antifungal drugs than those of healthy controls (28) . Finally, O cells are more virulent than W cells in a cutaneous mouse model, and W cells are more virulent than O cells in a systemic mouse model (29) . All together, these studies indicate that phenotypic switching indeed occurs at the sites of infection and, possibly, that different switch phenotypes predominate in different anatomical locations of the host. With the demonstration that the expression of specific virulence and pathogenesis traits are correlated with switch phenotype (18, 28, 30, 31) , the importance of this phenomenon to the natural history of C. albicans disease in humans appears significant.
In this article we describe the range and diversity of genes that are regulated in the W͞O transition. Our studies reveal not only that the genome-wide transcriptional profiles of each switch phenotype are distinct, but that they unexpectedly reveal a broad shift in metabolic state which occurs upon switching, regardless of carbon source upon which the cells are grown. This metabolic differentiation suggests an adaptive mechanism in hostpathogen interactions.
IA) was originally isolated from the blood and lungs of a patient undergoing bone marrow transplantation (12, 32) . W and O cells of the WO-1 strain were maintained separately as described (30) and grown in yeast extract͞peptone͞dextrose (YPD) medium (33) or modified Lee's medium, a defined medium containing salts, amino acids, biotin, and glucose (34) .
Growth Conditions and RNA Extraction. All growth experiments were performed in modified Lee's medium where glucose was provided as the sole carbon source. A single W or O colony was first inoculated into 25 ml of modified Lee's medium, grown to stationary phase, and used to seed 250-ml cultures in the same medium at a starting OD 600 of 0.05. Cultures were shaken in an orbital incubator at 25°C. W and O cell densities were measured spectrophotometrically throughout the growth cycle, and cell morphology was monitored microscopically. The percentage of W and O cells also were assayed at each time point by plating aliquots of culture on phloxine B-containing YPD medium (32) . For DNA microarray experiments, a time course was performed wherein cultures initiated with either W or O cells were sampled at 12, 18, 24, and 48 h during the growth cycle. Only cultures that are composed of at least 99% of the expected cell type (W or O) throughout the time course were used for further analysis. At each sampling, 50 ml of cell culture was immediately collected by centrifugation at room temperature, and the pellets were snapfrozen in an ethanol-dry ice bath and stored at Ϫ80°C. Total RNA was extracted as described (35, 36) .
Northern Blot Analysis. Total RNA (10 g) was fractionated in a 1% denaturing gel, blotted, and probed with labeled PCRamplified DNA fragments by using standard protocols (37) . The primers used to generate PCR fragments for Northern analysis were 5Ј-TCAAAAATCCACTCCAGA ACA A-3Ј and 5Ј-TGGCTCATCTAAGCGAAACA-3Јfor the WH11 gene and 5Ј-CAGCCACTAATGGTGCTTCA-3Ј and 5Ј-CTGGAACCA-GAGGTAGCAGC-3Ј for the OP4 gene.
Microarray Design and Analysis. A custom, high-density oligonucleotide GeneChip manufactured by Affymetrix (Santa Clara, CA) was used in these studies. DNA sequences from assembly 6 of the C. albicans genome sequence, performed by Stanford Genome Technology Center (Stanford University, Palo Alto, CA), were used in the oligonucleotide design. One or two tiled probe sets were selected for each of the target sequences, resulting in a DNA microarray containing a total of 13,025 probe sets; these probe sets reflect 7,116 large ORFs (Ͼ100 amino acids), 247 structural RNA targets, 4,208 unannotated small ORFs, and several prokaryotic and human genes as hybridization controls. Labeling of total RNA for microarray analysis was carried out as described in the Expression Analysis Technical Manual (Affymetrix) with minor modifications listed below. Double-stranded cDNA was synthesized from 15 g of total RNA with Superscript II (Life Technologies, Rockville, MD) and a T7-(dT)23V primer [GCATTAGCGGCCGCGAAAT-TAATACGACTCACTATAGGGAGA-(T)23V, V ϭ G, A, or C]. The in vitro transcription reaction was performed with double-stranded cDNA, biotin-11-CTP and biotin-16-UTP (Enzo Biochem) by using AmpliScribe T7 transcription kit (Epicentre Technologies, Madison, WI). The resulting biotinlabeled cRNA was purified by using RNeasy spin columns (Qiagen, Valencia, CA) and subsequently fragmented by exposure to 40 mM Tris⅐acetate, pH 8.1͞100 mM potassium acetate͞30 mM magnesium acetate at 94°C for 35 min. The fragmented cRNA was hybridized to the C. albicans arrays at 45°C for 16 h. The arrays were stained with streptavidinphycoerythrin (Molecular Probes) by using the antibody amplification protocol and scanned with a GeneArray Scanner (Hewlett-Packard). All hybridizations and staining were performed in a GeneChip Hybridization Oven 640 and GeneChip Fluidics Station 400 (Affymetrix).
Data Analysis. Gene chips were scanned and the resulting image files were used to calculate, normalize, and compare the hybridization intensity data by using MICROARRAY SUITE 4.0 software (Affymetrix). An algorithm within the MICROARRAY SUITE was used for the absolute analysis of each individual microarray. The absolute analysis determines the presence or absence (absolute call) and expression levels (average difference) of individual transcripts. The array fluorescence was normalized by scaling total chip fluorescence intensities to a common value of 2,500. Absolute analysis of each microarray was followed by comparison analyses between two separate microarrays. The comparative analysis determines whether expression levels of a particular transcript increase, decrease, or remain unchanged (difference call) and calculates the fold-change values in expression levels. The fold-change values indicate the relative change of each transcript and are used to identify genes that are differentially expressed between two separate samples. In these studies, the fold-change was calculated as the difference in O cell values as compared with W cell values. The data derived from each experiment were stored in Affymetrix MICRODB 2.0 software. Data filtering and statistical analysis were performed by using DATA MINING TOOL 2.0 software (Affymetrix) as per the manufacturer's instructions.
Results

Transcriptional Profiling of W and O Cells Using the Affymetrix
C. albicans GeneChip. W and O phenotypic switching affects many cellular characteristics, the majority of which appear to reflect changes in the cell surface and cell wall (12, 32, 38, 39) . In aggregate, expression of W and O traits also correlate with clinical presentation and site of infection and invasiveness of the isolate. In this study, we evaluate the patterns of genome-wide gene expression in W and O cells and show that, in addition to changes which affect the cell surface properties, W and O cells are remarkably differentiated with respect to metabolic pathways, despite culture in identical growth media. This study also reports an application of a custom Affymetrix GeneChip representative of the entire C. albicans genome.
Prerequisite to the evaluation of the W and O cell gene expression, we describe the properties of the custom Affymetrix C. albicans GeneChip and document their hybridization properties and reproducibility. In the first instance, to evaluate the reproducibility of the GeneChip features, a single cRNA sample was labeled and hybridized with two randomly chosen individual GeneChips. Based on the calculation from probe sets of large ORFs with an average difference Ն50, Ϸ91% of the probe set varied by less than twofold between duplicate hybridizations as shown in the scatter plot in Fig. 1A , which indicates that hybridization with the features of the C. albicans GeneChip is highly reproducible. To determine the variation inherent in cell culture, sampling, RNA isolation and sample processing, duplicate cell cultures were inoculated, grown, and harvested under identical conditions; cRNA samples were independently prepared from each cell culture, labeled, and hybridized to two individual DNA microarrays. In this case, Ϸ96.5% (for the large ORFs with average difference Ն50) of the probe set tested hybridized within a twofold range in expression levels (Fig. 1B) , confirming the reproducibility of experimental conditions and sample preparation.
Another important consideration in these studies derives from the growth properties of each of the cell phenotypes. Similarly, a transcript with a ''decrease'' call, plus a fold-change less than two in the comparison of O to W cells from at least three time points was characterized as ''up-regulated'' in W cells. By using these criteria, a total of 389 probe sets representing 373 large ORFs (Table 1 , which is published as supporting information on the PNAS web site, www.pnas.org) and 78 probe sets representing 76 unannotated small ORFs (data not shown) were identified. Of these 373 large ORFs, 221 ORFs were expressed at higher levels in O cells, and 152 ORFs were up-regulated in W cells. The entire 373 large ORF data set is provided in supporting information. Highlights of this analysis are described below.
Comparison of W and O Genome-Wide Expression Profiles. (i) Previously identified genes.
Many genes have been identified whose transcription is differentially regulated in W and O cells. These genes provide important internal controls for our studies and further verify that probe sets used in the C. albicans GeneChips are functioning as expected for specific genes known to be expressed in either W or O cells. In the WO-1 strain, SAP1, SAP3, OP4, and CDR3 genes are O-specific, whereas WH11 and EFG1 are expressed primarily in W cells (7, 13) . Our microarray results ( Fig. 2A) , confirmed by Northern analysis (Fig. 2B ), are consistent with these trends and support the conclusion that RNA hybridized to the C. albicans GeneChip reproducibly and faithfully reflects overall genome-wide expression patterns.
(ii) Metabolism. The assignment of function to C. albicans ORFs is rich in the area of metabolic pathways; ORFs belonging to this subset are historically among the most widely studied and are highly conserved in evolution. Consequently, many of the ORFs (109͞373) of known function identified in our comparison represent genes associated with carbohydrate, lipid, amino acid, and other metabolic functions (Table 1) . Genes encoding lowand high-affinity glucose transporters (HXT3, HXT4, and HXT7) and the glycolytic enzymes HXK1 (hexokinase), PFK2 (phosphofructokinase), and CDC19 (pyruvate kinase) are more highly expressed in W cells than in O cells (Fig. 3) . This result was not unexpected, as the carbon source provided was glucose. Conversely, O cells also grown in glucose express genes encoding enzymes involved in the Krebs cycle, most notably IDP2 (isocitrate dehydrogenase) and MDH1 (malate dehydrogenase) at higher levels than W cells (Fig. 3) . We also observed differential expression of genes related to the biosynthesis and biodegradation of the storage carbohydrates, glycogen and trehalose. Expression of GDB1 (glycogen debranching enzyme), TPS1 and TPS2 (components of trehalose-6-phosphate synthase͞ phosphatase complex) is up-regulated in W cells, whereas O cells express higher levels of GLG2 (self-glucosylating initiator of glycogen synthesis; Fig. 3 ). This comparison suggests that the steady state of O cells is more biased toward respiratory mechanisms for growth and is also consistent with the preferential association of W cells with systemic blood infection (29) , where glucose concentrations are high and homeostatically maintained.
Differences in the patterns of expression of genes related to fatty acid and amino acid metabolism between W and O cells are in keeping with a metabolic bias between switch phenotypes. In O cells, for example, the fatty acid ␤-oxidation pathway is more highly expressed than in W cells (Fig. 3) . This metabolic feature may be particularly relevant to cutaneous candidiasis, because O cells are better able to colonize skin in a mouse model (29) and because this habitat essentially lacks free sugars but is rich in lipids (40) . Several genes related to amino acid metabolism are also differentially expressed. For example, CDG1 (cysteine dioxygenase), CHA1 (serine͞threonine dehydratase), and CHA2 (serine͞threonine dehydratase) are all preferentially expressed in O cells and amino acid permeases encoded by CAN3, GAP1, and AGP2 in W cells (Table 1 ). In addition, high-affinity phosphate and sulfate transporters (PHO84, PHO89, and SUL2) are more highly expressed in O cells, whereas a separate set of phosphate transporters (PHO87 and PHO98) are more highly expressed in W cells (Table 1) . Expression of these membranespanning proteins not only allows for the uptake of essential nutrients, but also facilitates cell communication via sensing of surrounding and presumably varied environments. (iii) Adhesion and cell surface properties. W and O cells display striking differences in cell surface traits related to adhesion, hydrophobicity, and overall topology. W cells adhere more strongly to buccal epithelial cells (BECs) than do O cells (41) . Also, at least one O-specific antigen is found on the opaque cell surface, and O cells are more hydrophobic compared with W cells (39, 41) . We found that at least two adhesion-related genes, ALS and AAF1, are up-regulated in W cell expression profiles ( Table 1 ). The ALS gene family encodes cell surface glycoproteins involved in the adhesion of C. albicans to host cells, whereas AAF1 encodes a potential transcription factor that regulates the expression of adherence-specific genes (42, 43) . In our analysis, switch phenotype-specific gene expression was also noted for several homologues of surface components found in S. cerevisiae, with steady-state mRNA levels of AGA1 (agglutinin), SCW4 (cell wall protein), and MUC1 (cell surface flocculin) being higher in O cells and homologues of S. cerevisiae FLO1 (flocculin) and YOR009 (cell wall mannoprotein) more highly expressed in W cells (Table 1) . (iv) Stress response, drug resistance, and signaling. W and O cells differ with respect to their sensitivity to neutrophils and oxidants and also with respect to their susceptibility to antifungal agents (9, 44, 45) . These properties are reflected in their respective genome expression profiles as well; W and O cells differ in their expression of genes related to oxidative stress responses, drug resistance, and signaling (Table 1) . O cells show relatively higher expression of genes whose products confer protection against oxidative stress: these genes include four glutathione Stransferases (GST3, GTT1, ORF6.6924, and ORF6.7240), glutaredoxin (S. cerevisiae YBR014 homolog) and superoxide dismutase (SOD1); W cells exhibit higher levels of HYR1 (glutathione peroxidase) gene expression (Table 1) . Moreover, several genes encoding membrane transporters of the major facilitator superfamily, including potential drug resistance markers, are also up-regulated in either W or O cells. These ORFs included YBR293 in O cells and YPR156, YGR138, and QDR1 in W cells (Table 1) . Finally, a calcium͞calmodulin-dependent protein kinase gene (CMK1) and calcineurin-responsive transcription factor (CRZ1) are more highly expressed in W cells. These results suggest that W and O cells are programmed to respond selectively to their environments, consistent with their colonization in different anatomical sites in the host (29) . (v) Secreted hydrolytic enzymes. Secreted hydrolytic enzymes are involved in adhesion, tissue damage, and invasion of host cells by C. albicans. Among these, the gene family encoding the secreted aspartyl proteinases (SAPs) has been well studied (46) (47) (48) . The 10 members of the SAP gene family are differentially expressed in various Candida strains and environmental conditions. SAP1, SAP3, and a previously undescribed SAP gene, SAP99, are expressed at higher levels in O vs. W cells (Fig. 2 and Table 1 ). In addition, LIP4, a member of a secreted lipase gene family consisting of 10 separate loci (LIP1 to LIP10) and a suggested role in C. albicans virulence (49) , is more highly expressed in O vs. W cells (Table 1) , which again is consistent with the propensity of O cells to colonize the skin (29). (vi) Mating type and sexual cycle. A mating-type-like (MTL) locus was recently identified in C. albicans (50) , revising long-standing assumptions that classified this pathogen among the Fungi imperfecti. The MTL locus on one chromosome is occupied by the MTLa1 allele which encodes one mating type, and the MTL␣1 and MTL␣2 alleles encoding the opposite mating type are located in another chromosome (50) . Genetic manipulation of the MTL locus created compatible diploid strains that are able to mate and produce progeny with triploid or tetraploid nuclei (51, 52) . By using comparative genomic approaches, a complete sexual cycle of C. albicans was further proposed (53) . We were surprised to find that W and O cells differentially express many genes presumed to function in mating-type differentiation and cell-type control. A putative ␣-pheromone encoded by ORF6.4306 (G.N., A. Kuo, A. Flattery, C. Gill, J. J. Blake, M. B. Kurtz, G. K. Abruzzo, and N.A., unpublished work), a homologue of the S. cerevisiae a-factor pheromone receptor encoded by STE3 and a putative mating-type regulatory protein encoded by MTL␣1 are all more highly expressed in O cells (Table 1 ). In contrast, the NDT80 gene, whose gene product in S. cerevisiae controls expression of genes related to middle meiosis, meiotic division, and spore formation (54, 55) , all processes that remain to be demonstrated in C. albicans, is expressed at higher levels in W cells (Table 1) . Together, these results are consistent with the observation that the WO-1 strain is equivalent to ␣͞␣ mating-type cells in S. cerevisiae and presage a correspondence between the regulation of mating types, a sexual cycle, and phenotypic switching in C. albicans. (vii) Unknown and unclassified genes. We also identified a number of ORFs (151͞373) of unknown͞unclassified functions that are differentially expressed in each switch phenotype (Table 1) . ORF6.4306 is especially interesting, not only because it is among the most highly expressed ORFs in O cells, but also because its structural characteristics suggested its role as a pheromone (G.N., A. Kuo, A. Flattery, C. Gill, J. J. Blake, M. B. Kurtz, G. K. Abruzzo, and N.A., unpublished work). However, there are also several ORFs whose expression is correlated with switch phenotype but bear no significant homology to any sequences in available genomic databases. These include ORF6.113, ORF6.1148, ORF6.8291, and ORF6.5893, which are more highly expressed in O cells, and ORF6.2940 and ORF6.4552, which are more highly expressed in W cells (Table 1 ). The association of these ORFs, which so far are unique to C. albicans, with either W or O specific gene subsets will be especially interesting to pursue. Their potential functions will become more clearly defined as we compare these results with data sets generated under different conditions, affecting both cell mating and pathogenesis.
Conclusion
Antigenic variation is a common adaptive strategy of microbial pathogens. In parasitic protozoa such as Giardia intestinalis, African trypanosomes, and Plasmodium spp. such variation appears to influence the expression of a limited set of surface components that are targets of the immune system. In African trypanosomes, there is also evidence that antigenic variation is coupled to changes in some metabolic proteins (e.g., products of the expression sites-associated genes; ref.
2). The best studied proteins regulated by bacterial phase variation are likewise expressed on the cell surface, where they affect adhesion, aggregation, and colony morphology phenotypes (5) . It has been hypothesized that bacterial phase variation also may correspond with metabolic alterations that provide rapid responses to changing physiological conditions (5, 6) . Consistent with this view, genomic analysis of simple repeats in the genome of Neisseria meningitidis predicts that phase variation in this organism may be accompanied by significant metabolic changes (56) .
By using high-density oligonucleotide microarray analyses to profile global gene expression of the C. albicans WO-1 strain, we were able to identify a large repertoire of genes affected by W͞O switching. Nearly 400 ORFs encoding traits associated with either W or O cells extend over a wide range of functional categories (Fig. 4) . Importantly, functional identification of many of these ORFs allowed us to infer metabolic preferences (e.g., ␤-oxidation) associated with each switch phenotype. In aggregate, the expression patterns of this ORF subset demonstrate that switching extends beyond antigenic variation to include metabolic specialization, which itself may reflect inherent differences in the efficiency with which each switch phenotype is able to exploit available nutrients and adapt to ambient conditions. How might metabolic specialization facilitate pathogenesis? The virulence of W and O cells depends on the site of infection; W cells are more virulent in disseminated infections and O cells are more virulent in cutaneous ones (29) , which is consistent with the availability of glucose in the bloodstream and interstitial spaces but its absence in the skin. The W and O cells analyzed in this study were grown under identical conditions where glucose was provided as the carbon source. O cells have profoundly different profiles wherein genes in the ␤-oxidation pathway are expressed at higher levels. In O cells, glucose appears to be committed to anabolic functions and the production of fatty acids. More importantly, the up-regulation of FAA2, a fatty acyl synthetase that typically recruits fatty acid from intracellular stores, would suggest that O cells convert glucose to fatty acids to provide substrates for ␤-oxidation. Deva et al. (57, 58) suggest that the oxylipin 3,18-dihydroxy-5,8,11,14-eicosatetraenoic acid, a fatty acid metabolite, can play a role in Candida morphogenesis and infectivity. The repertoire of ␤-oxidative enzymes that are up-regulated in O cells would be consistent with the hypothesized biochemical pathway for such substrate. Alternatively, W͞O switching with its consequent effect on metabolism may prime cells so that they are able to become rapidly established in different host environments, enabling the fungus to colonize the host at many sites; unlike most pathogens, C. albicans is capable of surviving within virtually all anatomical locations in the host.
Unexpectedly, our analysis also reveals several differences in expression of mating-type-like genes in W and O cells. O cells consistently show an up-regulation of mating type-associated genes, including ORF6.4306 that we identified in other studies as a potential mating pheromone (G.N., A. Kuo, A. Flattery, C. Gill, J. J. Blake, M. B. Kurtz, G. K. Abruzzo, and N.A., unpublished work). During the course of this work, we learned that O cells are the mating form of C. albicans, and that W͞O switch is itself under control of the MTL locus in C. albicans (59) . These results, together with our own observation that other mating-type genes are preferentially expressed in O cells, suggest that some of the observed transcriptional differences between W and O cells are governed by mating functions and raise the intriguing possibility that mating in C. albicans occurs preferentially at different host sites.
In addition to the W͞O transition, C. albicans displays other switching phenotypes that vary from strain to strain. The extent to which these other switching systems involve changes in metabolic strategies remains to be determined, but will no doubt provide insight into how this pathogen generates phenotypic diversity by means of combinatorial shifts in gene expression.
